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Abstract 
     The noticeable improvement of hardness, elongation and yield stress in the cast zinc alloys 
was achieved using aluminium inoculation. Through varying the addition level of this 
eutectic-forming solute, the mechanism of such property improvement of cast Zn alloys was 
investigated. The increase of hardness, elongation and yield stress was very sensitive to the 
aluminium content due to grain-refinement and solid-solution strengthening. Beyond the 
maximum solubility of aluminium in zinc, a three-dimensional eutectic network was 
developed to form a “eutectic-skeleton”, which produced further reinforcement in yield stress 
and elongation, but only marginal enhancement in hardness. These improved mechanical 
properties are found to be closely associated with significant microstructural refinement. The 
microstructural refinement, i.e. the columnar-to-equiaxed transition and the reduction in grain 
sizes, was mainly elucidated in terms of the Interdependence theory. 
Key words: Zn-Al alloys; Microstructure; Mechanical properties; Grain refinement; 
Interdependence theory 
1. Introduction 
      Zinc alloys have attractive combination of properties, i.e. low melting temperature, good 
damping properties, sound dimensional tolerance, and excellent corrosion resistance [1-8]. 
Normally, Zn alloys are used in electronic, coating, transportation and construction industries 
[1-4]. However, the application of Zn alloys is astricted because of their low strength and 
brittle fracture, which is mainly caused by the coarse-grained HCP microstructures in cast Zn 
alloys [6, 11]. Using grain refinement technique, most coarse-grained metals/alloys (i.e. Al, 
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Mg, Ti and their alloys) can be transformed into the polycrystalline metallic materials with a 
fine, equiaxed and uniform grain structure. Normally, such microstructural transformation 
delivers enhanced mechanical properties, consequently promoting follow-up plastic 
processing [10]. 
      Previous work [11-14] on cast Al and Mg alloys verified the essential contribution of 
peritectic reaction/nucleation in grain refinement. For instance, the as-cast grain sizes of Al 
and Mg can be efficiently reduced through addition of Ti and Zr into liquid Al and Mg, 
respectively. Wang et al. reported that inoculation of peritectic-forming elements, i.e., V, Zr 
and Nb, efficiently grain refined the as-cast pure Al. However, the grain refining efficiency of 
eutectic-forming elements, i.e., Mg, Cu and Si, is very marginal. Thus, it was proposed that 
peritectic reaction is important, even essential, in the grain refinement of cast Al. But, it has 
still not been fully verified whether the previously established grain refinement 
theories/models in light metals/alloys, i.e., Al and Mg, can be directly used to cast Zn alloys. 
Recently, the significant grain refinement of cast Zn was obtained through peritectic-forming 
elements’ (Cu and/or Ag) inoculation [14, 15]. However, as both Cu and Ag have much 
higher melting temperatures than Zn, it is not cost and economically effective using Cu or Ag 
as grain refiner for Zn alloy. According to the phase diagrams [16, 17], Cu and/or Ag are 
peritectic-forming elements. The grain refinement of cast Zn through Cu (or Ag) inoculation 
was mainly attributed to the enhanced in-situ heterogeneous nucleation [14, 15]. However, 
the maximum grain refining efficiency in such Zn-Cu (or Zn-Ag) peritectic alloys was only 
achieved when the addition of Cu (or Ag) reached over 2.0 wt.% Cu (or 3.5 wt.% Ag). 
Moreover, the inactive pro-peritectic intermetallic compounds (AgZn3 or CuZn4) are quite 
large and brittle, which severely impairs both strength and ductility of cast Zn alloys. 
Therefore, it is necessary to find an alternative approach to reinforce the mechanical 
properties of cast Zn alloys. 
      In the present work, the microstructural modification of cast Zn alloys was obtained 
through adding the eutectic-forming Al element. The mechanical properties, i.e. yield 
strength, hardness and elongation, were found to be improved. However, a couple of 
fundamental questions still remain unclear: (1) what are the primary strengthening 
components that contribute to the improved mechanical properties? (2) what is the 
quantitative relationship between microstructural factors (i.e. grain size and solute content) 
and yield strength in the grain-refined Zn-Al alloys? (3) whether the peritectic-forming solute 
is essential for grain refinement of cast Zn alloys? (4) what are the specific roles of eutectic-
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forming Al solute on the microstructural modification of cast Zn alloys? The present work 
aims to address all these questions. 
2. Experimental 
2.1. Materials and casting process 
      To examine the role of eutectic-forming Al on the microstructural modification of cast Zn, 
five binary Zn alloys nominally containing 0.25%, 0.50%, 1.00%, 1.50% and 2.00 wt.% Al 
were accordingly made at 600 oC. Hereinafter, all compositional contents are expressed in wt.% 
unless specified otherwise. The Al was added into the pure Zn in the form of master alloys. 
The master alloy, Zn-6.0wt.% Al, was prepared in a clay-bonded and boron nitride coated 
graphite crucible by melting the super-high-purity zinc ingots (99.995% pure) and aluminium 
pellets (99.95% pure) at 700 oC in an induction furnace with the protection of argon 
atmosphere. The Zn-Al binary alloys were produced in an electrical resistance furnace also 
using the same graphite crucible. After melting of pure Zn at 600°C and various amount of Al 
was added, the melts were isothermally inoculated for 20 minutes, followed by dross cleaning 
and stirring. Then, the melts were cast into the cylindrical graphite moulds that had been 
preheated at 600°C. The moulds were 30 mm in diameter and 180 mm in length with a wall 
thickness of 10 mm. During cooling in air, the moulds were placed on and covered by 
fiberfrax boards. Details of the cooling method can be found elsewhere [18]. The chemical 
compositions were determined by inductively coupled plasma atomic emission spectroscopy 
(ICP-AES). The nominal and actual composition, of the master alloy and the five Zn-Al 
alloys, are listed in Table 1. The actual Al contents in the alloys are lower than the nominal 
content. For the purpose of convenience, in the present work, the nominal contents are used 
to represent the alloys.  
2.2. Mechanical properties’ examination 
      In a stable electrical resistance furnace, the as-cast cylindrical Zn-Al ingots were 
homogeneously annealed at 340 oC for 3 hours. At this temperature, the solid solubility of Al 
in Zn is around 1.0 wt.%. Then, these cylindrical ingots were machined into standard tensile 
samples for tensile test. The tensile samples, with 12.5 mm gauge length and 6.0 mm gauge 
diameter, are shown in Fig. 1. At a crosshead speed of 0.5 mm/s, the tensile test was 
completed at room temperature in an INSTRON® testing machine. So as to measure the 
tensile strain, a pair of extensometers were attached to the tensile samples for strain analysis. 
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0.2% proof stress was determined and selected as the yield strength. Both yield strength and 
elongation were obtained based on the average values of three tensile samples that were cut 
from the same annealed ingots. Small blocks were also cut off from the ingots for hardness 
test, which was carried out on a Wilson® Tukon™ 1102 machine. 
2.3. Microstructural characterization 
      Metallographic samples were transversely sectioned from middle of the annealed ingots. 
After mechanically grinding and polishing, each sample was etched in a Gennone-Kersey 
solution (84% distilled water, 15% H2SO4 and 1 vol.% HF), followed by microstructural 
examination in a Leica® polarised light microscopy (LM). Spot32 image analysis software 
was equipped on the Leica® LM for grain size measurement. The average grain sizes were 
measured using a linear intercept technique (ASTM E112-10). Depending on the actual grain 
size in each field, nine fields were examined and over 60 counts were obtained whenever 
possible. Using X-ray diffraction (XRD), phase identification of each alloy was accomplished 
in a Bruker D8 diffractometer. XRD was operated at 40 kV with Cu-Kα radiation 
(wavelengths λkα1 = 1.54056 Å). Further, the detailed information, i.e. microstructure and 
fracture, was revealed by scanning electron microscopy (SEM; JEOL 7001) equipped with 
energy dispersive X-ray spectroscopy (EDS). Evolution of crystallographic orientation, i.e. 
Euler space, angle deviation and crystal structure, were characterized using electron 
backscattering diffraction (EBSD). The EBSD detector, combined with an Oxford Instrument 
AZtecHKL® system, was installed on S M JEOL 7001. 
3. Results 
3.1. Improved mechanical properties against Al contents 
    Representative engineering stress-strain curves of each alloy are shown in Fig. 1. It can be 
seen that both the strength and ductility are concurrently increased with increasing Al 
contents. On the stress-strain curves, the visible onset of necking region occurred in the Zn-
1.5 wt.% Al and Zn-2.0 wt.% Al alloys, which indicates a higher elongation, as shown in Fig. 
1. The elongation of pure Zn, Zn-0.25% Al, Zn-0.50% Al, Zn-1.00% Al, Zn-1.50% Al and 
Zn-2.00wt.% Al were measured to be 0.2, 0.5, 2.5, 3.0, 8.0 and 12 %, respectively (see Fig. 
2(a)). This result illustrate a very strong dependence of elongation on Al contents. Moreover, 
the average hardness of pure Zn, Zn-0.25% Al, Zn-0.50% Al, Zn-1.00% Al, Zn-1.50% Al and 
Zn-2.00wt.% Al were determined to be 32.5, 43, 55.5, 67, 85 and 91 Hv, respectively, as 
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indicated in Fig. 2(b). The results show that there is certain relationship between the 
improved mechanical properties and the Al inoculation, which will be discussed in section 4. 
3.2. Fracture analysis and phase identification 
     After tensile tests, the fracture surfaces of all binary Zn-Al alloys were examined in a 
SEM. The fractographic images show that a primarily brittle mode of fracture (when Al 
content is below 0.25 wt.%) was gradually transformed into quasi-ductile fracture (when Al 
content is over 0.5 wt.%), as shown in Fig. 3. The quasi-ductile fracture appeared in a 
combined form of brittle and ductile. In other words, the cast Zn-Al alloys that have HCP 
crystal structure possessed a dominant brittle fracture but with some ductile fracture at high 
Al contents. Normally, the HCP metals have insufficient slip systems, resulting in a cleavage 
fracture surface. Compared with the coarse-grained HCP structures of pure Zn in Fig. 3(a), 
the grain-refined alloys showed some ductile features as shown in Figs. 3(c)-(f). Actually, it 
has been already documented that the primary brittle fracture of binary cast Zn alloys were 
hard to be changed only through grain refinement [18].  
3.3. Columnar-to-equiaxed transition induced by aluminium 
     The typical microstructures of the as-annealed binary Zn-Al alloys are shown in Fig. 4.  
Addition of 0.25 wt.% Al fully converted the predominant columnar grains of pure Zn into 
equiaxed grains even though the 0.25 wt.% is far below its maximum solubility (Cm = 1.00 
wt.% at 340 oC [19]). The variation of average grain size (d) of the binary Zn-Al alloys with 
Al contents are plotted in Fig. 5. The present microstructural analysis verified that the 
difference in the grain sizes before and after annealing at 340°C for 3 hours is ignorable. 
Thus, it can be seen that the average grain size was reduced from 1878 µm for the pure Zn to 
100 µm for the Zn-1.0wt% Al alloy. The grain size of pure Zn was measured by averaging 
the length and width of columnar grains. Further increase of the Al contents over 1.00 wt.% 
led to very marginal decrease in the d values. Furthermore, once the grains were refined, the 
distribution of grain sizes was narrowed as shown by the inset in Fig. 5. The significant grain 
refinement was achieved at an addition level of 1.0 wt.% Al, where the d value decreased to ~ 
100 µm. Fig. 6 shows the difference of the grain boundary orientations before and after Al 
inoculation. After Al inoculation, the preferential growth direction of pure Zn become 
randomly-distributed in the Euler space. Meanwhile, the density of Euler angles is largely 
increased, which addresses grain refinement from a perspective of crystallography.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
4. Discussion 
4.1. Strengthening through grain refinement and solid solution 
    It is well recognized that most metals/alloys can be strengthened by single or combined 
mechanisms. These include grain refinement [20, 21], precipitation [22, 23], particle 
dispersion [24], solid solution [24, 26], strain/work hardening [27, 31] and etc. Extensive 
studies on the strengthening mechanisms have been conducted in Al and Al alloys [29, 30], 
Mg and Mg alloys [23, 31-34], steels [35] and etc. Normally, it is hard to distinguish one 
specific strengthening component from another. Recently, Liu et al established an empirical 
relationship between yield strength (σy), grain size (d), solute content (c) and intrinsic friction 
(σo) in cast Zn alloys [18]. Meanwhile, the individual contribution of grain-refinement and 
solid-solution strengthening to the overall σy value was identified and quantified [18]. In the 
present binary Zn-Al alloys, the strengthening components, contributing to the improved σy, 
can be individually classified into grain-refinement, solid-solution and the secondary phase 
strengthening (the eutectic-skeleton), as shown in Fig. 7. The eutectic-skeleton strengthening 
occurs while the Al addition level is over its maximum solubility. 
    When the addition of eutectic-forming Al solute is below the maximum solubility (around 
1.0 wt.% Al at 340 oC), there are only solid-solution strengthening and grain-refinement 
strengthening. Hence, the combined effects can be expressed using the following equation 
[36]. 
σy1  = σo + kssc n + kH-Pd -1/2                                                (1) 
where σy1 (MPa) is the experimental yield strength, kss (MPa·(at.)-n) is a fitting coefficient, c 
is the solute content in at.%, n is determined to be 0.52 [18], kH-P (MPa·m1/2) is termed as the 
Hall-Petch coefficient, and d is the average grain size. Regarding the cast dilute Zn-Al alloys, 
our previous investigation shows that Eq. (1) is determined as Eq. (2) [18]. 
 σy1  = 11.02 + 83.6c 0.52 + 0.56d -1/2                                        (2) 
When Al content was ≥ 1.0 wt.%, the three-dimensional (3-D) η-Zn/(Al) eutectic network 
developed to form an “eutectic-skeleton”. Through careful SEM examination, it was found to 
be the η-Zn/(Al) eutectic-skeleton, as shown in Fig. 8(a). Fig. 8(a) indicates that these η-
Zn/(Al) eutectic structure, between any two adjacent η-Zn grains, was connected to each 
other, forming the η-Zn/(Al) eutectic-skeleton in 3-D space. Moreover, the eutectic-forming 
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Al solute mainly distributed along grain boundaries (see Fig. 8(b)). Such 3-D eutectic-
skeleton will contribute to the alloys’ strength [37]. Thus, an extra strengthening component 
(eutectic-skeleton) should be taken into account when the Al content is over 1.0 wt.%. 
Further, the combined strengthening components are arranged as Eq. (3). 
σy2  = σo + kssc n + kH-Pd -1/2 + σes                                        (3) 
in which σy1 (MPa) is the experimental yield strength, σes (MPa) is the strengthening 
component from the 3-D eutectic-skeleton, and other parameters can be found in Eq. (1). The 
experimentally-determined yield stress (σy2) was plotted as a function of Al contents, as 
shown in Fig. 9. The difference between experimental results (σy2) and theoretical prediction 
(σy1) occurred for the alloy with over 1.0wt% Al, which implies an unknown strengthening 
component (highlighted by the inset in Fig. 9). This unknown strengthening component 
should be resulted from the 3-D eutectic-skeleton. Based on Eq. (2) and experimental results, 
the theoretical prediction quantifies the contributions from grain-refinement and solid-
solution. The σes values of Zn-1.5wt.% Al and Zn-2.0wt.% Al were calculated to be ~ 8 and 
18 MPa, respectively. In other words, the 3-D eutectic-skeleton contributed ~ 8 and 18 MPa 
to the overall σy2 of binary Zn-1.5wt.% Al and Zn-2.0wt.% Al alloys, respectively. This is 
equivalent to a value comparable to the grain-refinement strengthening for a virtual grain size 
of ~ 80 µm. 
4.2. Microstructural evolution and associated grain-refining mechanism 
    The grain refinement has twofold, i.e. the columnar-to-equiaxed transition (CET) and the 
reduction of equiaxed grain size [14, 38]. The variation of the average grain size (d) of Zn-Al 
alloys with Al contents are plotted in Fig. 5. This trend of experimental result agrees well 
with our previous report in the eutectic Zn-Mg alloys [10]. However, it differs from the 
results of eutectic binary Al alloys (Al-Cu, Al-Mn and Al-Si) reported by Wang et al [13]. In 
their eutectic binary Al alloys, noticeable CET cannot be generated, even though the addition 
levels were over their respective Cm. Modelling of grain refinement at a microscopic scale is 
generally classified into two categories including deterministic- and probabilistic approaches 
[39, 40]. A couple of analytical and/or predictive models have been developed to assess the 
dependence of d values on the relevant factors. Recently, StJohn et al studied the grain 
refinement of Al, Mg, Ti and their alloys, and developed a deterministic approach [41, 42]. 
According to StJohn et al’s approach, the d values of cast metals are quantified as follows: 
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In Eq. (4), D, z·∆Tn, v, Q, ∗ ,  , k and xsd represent the diffusion coefficient, critical 
constitutional supercooling (CS) required for nucleation, growth velocity, growth restriction 
factor, solute concentration at solid/liquid (S/L) interface, initial solute concentration in liquid, 
partition coefficient and interparticle spacing, respectively. Eq. (4) is also termed as 
“Interdependence theory”. In the Interdependence theory, both potent nucleant particles and 
solute additions are considered as essential factors that contribute to grain refinement [43-44]. 
Q is defined by d(∆Tc)/dfs|fs=0, where ∆Tc and fs are CS and solid fraction, respectively. In a 
binary alloy system, Q equals to mco(k-1), in which m is the slope of liquidus, and k and co 
can be found in Eq. (4). Based on extensive experiments, Q has been verified to be an 
effective parameter for quantifying the solute effect on decreasing d [45, 46]. For a given 
alloy system that is cooled at 1 oC/s, Eq. (4) can be simplified as Eq. (5) for practical 
application [47].  
d = a + b/Q                                                           (5) 
Based on present experimental data, the linear quantitative relationship between d and 1/Q 
was derived in Fig. 10, i.e. d = 78.78 + 265.47/Q with a regression coefficient of 0.96. In 
eutectic Al-Cu, Al-Mg and Al-Si alloy systems, Wang et al reported that the 
intercept/gradient (a/b) values of the best fitting lines are 926/232, 939/251 and 921/208, 
respectively [13]. The CET in Al-Cu, Al-Mg and Al-Si are very marginal. The alloy systems, 
with lower values of a and b, imply a higher grain refining efficiency [41]. Compared with 
the Al-Cu, Al-Mg and Al-Si eutectic systems, the present Zn-Al system possesses a much 
lower a value and a comparable b value, which indicates a high grain refining efficiency. 
According to Interdependence theory, the columnar-to-equiaxed transition (CET) in Zn-Al 
alloys was mainly governed by Q-value and the heterogeneous nucleation. From a 
perspective of Zn-Al phase diagram [48], no intermetallic particles should form to serve as 
the heterogeneous nucleation sites for η-Zn grains. However, the η-Zn grains may still 
nucleate on either the Al-enriched clusters, (Al) fragments or the native potent particles that 
are present in melts. Actually, similar phenomenon were also reported in Mg-Al alloy [49] 
and Al-Si alloy [50]. The Al-enriched clusters, (Al) fragments and the native potent particles 
may come from master alloy or in-situ formation. Such hypothesis is also crystallographically 
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rational. For instance, three orientation relationships (ORs) have already been verified as 
follows in binary Zn-Al alloys [51]:  
 112#0%&'(|| 110%*+,  0002&'( 1.10o from 1#11*+                (6) 
 112#0%&'(|| 110%*+,  1#101&'( 0.82o from 002*+                (7) 
 1#100%&'(|| 112%*+,  0002&'( 4.50o from 1#11*+                (8) 
Each OR corresponds to an energetically-favourable interface between η-Zn and (Al). 
According to the crystallographic matching theory [52, 53], occurrence of these ORs will 
enhance the heterogeneous nucleation of η-Zn on (Al) fragments, further leading to grain 
refinement.  
5. Conclusions 
     Addition of eutectic-forming Al solute to cast Zn resulted in the noticeably-reinforced 
properties, i.e. hardness, elongation and yield stress. The hardness, elongation and yield stress 
of cast binary Zn-Al alloys were improved from 0.2%, 32.46 Hv and 17.5 MPa to 12%, 91 
Hv and 150 MPa, respectively. These improved properties were mainly attributed to grain-
refinement, solid-solution and eutectic-skeleton. Once the Zn-Al alloys with over 1.0 wt.% Al 
were annealed at 340 oC for 3 hrs, a three-dimensional (3-D) eutectic network was developed 
to form a 3-D “eutectic-skeleton”. The eutectic-skeleton contributed around 8 and 18 MPa to 
the overall yield stress of Zn-1.5wt.% Al and Zn-2.0wt.% Al, respectively. Although a very 
large range of grain sizes (d) was obtained from 1878 to 100 µm, fractographic examination 
of the deformed tensile samples reproducibly identified a quasi-ductile mode of fracture in 
the cast Zn-Al alloys. Through the addition of eutectic-forming Al solute into cast pure Zn, 
the significant columnar-to-equiaxed transition (CET) was obtained. Thus, the peritectic-
forming solute is not a prerequisite for microstructural refinement of cast Zn alloys. 
According to Interdependence theory, the CET is proposed to be mainly resulted from the 
growth restriction factor (Q) and the potent native nucleant particles. Based on experimental 
data, a quantitative linear relationship, d = 78.78 + 265.47/Q, was derived with a regression 
coefficient of 0.96. 
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 Table (1 table in total) 
Table 1 Chemical compositions of major solute elements in the as-cast master alloys, and the 
nominal and determined Al contents of five binary Zn-Al alloys 
Master alloy  
Zn-6.0wt.% Al 
Solute contents in wt.% determined using ICP-AES  
Zn Cu Al Mg Fe Ni Sn Mn Cr Pb Cd 
.Bal .002 5.82f0.10 .001 .003 .001 .002 .001 .001 .001 .001 
Binary Zn-Al 
tensile alloys 
Sample group No. Nominal addition Determined content 
1 0.25 Al 0.26 Al 
2 0.50 Al 0.45 Al 
3 1.00 Al 0.93 Al 
4 1.50 Al 1.32 Al 
5 2.00 Al 1.85 Al 
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Figure captions (11 figure captions in total) 
 
Fig. 1. Representative engineering stress-strain curves of the as-annealed Zn-Al binary alloys. 
The data for pure Zn in this paper comes from that in Ref. [18]. 
 
Fig. 2. Variation of (a) elongation and (b) hardness with the eutectic-forming Al contents of 
the annealed Zn-Al alloys. 
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Fig. 3. Tensile fracture of the Zn alloys with different Al contents (in wt.%): (a) pure Zn; (b) 
Zn-0.25% Al; (c) Zn-0.5% Al; (d) Zn-1.0% Al; (e) Zn-1.5% Al; (f) Zn-2.0% Al. The grain 
boundaries of pure Zn in (a) are highlighted using white dashed lines, indicating four 
individual grains.  
 
 
 
Fig. 4. Representative optical microstructures of the Zn alloys with different amounts of Al 
addition (in wt.%): (a) pure Zn; (b) Zn-0.25% Al; (c) Zn-0.5% Al; (d) Zn-1.0% Al; (e) Zn-1.5% 
Al; (f) Zn-2.0% Al. 
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Fig. 5. Measured grain sizes of Zn Alloys plotted against Al contents. Inset histogram 
indicates the difference of the grain size distribution between pure Zn and Zn-1.00wt.% Al 
alloy. Cm is the maximum solubility (1.00 wt.%) at 340 oC.  
 
 
Fig. 6. Difference in the grain boundary orientations between (a) pure Zn [18] and (b) Zn-
1.0wt.% Al. (a1) and (b1) are EBSD band contrast, (a2) and (b2) are EBSD orientation 
mapping, and (a3) and (b3) are Euler space. 
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Fig. 7. Schematic illustration of the contributions of different strengthening components in 
the present binary Zn-Al alloys, including grain-refinement, solid-solution and eutectic-
skeleton. σy is the experimentally determined yield strength, kss represents a fitting coefficient, 
c is the solute content in at.%, σo is the intrinsic friction stress, and σgr is the yield stress by 
grain refinement. 
 
 
 
Fig. 8. (a) A representative BSE image of eutectic-skeleton with three-dimensional 
morphology (red dashed rectangle), and (b) Distribution of eutectic-skeleton at the grain 
boundaries with two-dimensional morphology. The blue and green curve represent the 
compositional distribution of Zn and Al along the horizontal red solid line in (b). 
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Fig. 9. Difference in yield strength between the experimental results and the theoretical 
prediction, indicating the eutectic-skeleton strengthening components (highlighted by the 
inset). 
 
 
 
Fig. 10. The quantitative relationship between the average grain sizes (d) of binary Zn-Al 
alloys and the inverse of growth restriction factor (1/Q). The contents of eutectic-forming Al 
solute in the binary Zn-Al alloys range from 0.25 to 2.0 wt.%. Regression coefficient (R2) and 
fitting equation (y = a + b/Q) are imposed on this figure. 
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Highlights 
 
• Hardness, elongation and yield stress of Zn-Al alloys were significantly improved. 
• Remarkable columnar-to-equiaxed transition was generated by eutectic-forming Al. 
• Contribution of a 3-D “eutectic-skeleton” to the final yield stress was quantified. 
• Relationship, between microstructure and improved properties, was investigated. 
• Peritectic-forming solute is proved unnecessary for grain refinement of Zn alloys. 
 
 
